In this paper, we report on the catalytic activity of MFe2O4 nanoparticles (M = Mn, Ni, Cu, Zn, Mg) in the oxidative polymerization of N-(4-aminophenyl)aniline yielding polyaniline/nanoparticle composites. Hydrogen peroxide is used as the oxidizing agent and ferrite nanoparticles play the dual role of reaction catalysts and fillers. The obtained polyaniline/MFe2O4 composites maintained the pristine size of the ferrite crystallites and showed a modest conductive behavior. Polyaniline/MFe2O4 (M = Mn, Ni) composites displayed good dispersion of the nanoparticles in the polyaniline matrix and magnetic hardness intermediate between those of soft M = Fe and hard M = Co composites, evidencing the tunability of the magnetic properties.
INTRODUCTION
Materials having both electrical and magnetic properties have attracted much interest thanks to their features combining the advantages of inorganic materials (mechanical strength, electrical and magnetic properties, as well as thermal stability) with those of organic compounds (flexibility, ductility and processing) [1] . Among them, intrinsically conducting polymers (ICPs) containing magnetic nanoparticles (NPs) exhibit many potential applications in electromagnetic interference shielding, [2] electrochromic devices [3] and non-linear optical systems [4] . Polyaniline (PANI) is one of the most investigated ICPs thanks to its extraordinary electrical properties, reversibly switching from an insulator to a conducting material by deprotonation/protonation processes [5, 6] . It can exist in different forms: leucoemeraldine (totally reduced form, x = 1 in Figure 1 ), emeraldine (half-oxidized form, x = 0.5 in Figure 1 ), pernigraniline (totally oxidized form, x = 0 in Figure 1 ) and many other intermediate structures (Figure 1 ). PANI/NPs composites are typically prepared by multi-step approaches involving NPs synthes is followed by aniline polymerization. The inorganic particles can be embedded during the polymerization process or in a subsequent step [7] [8] [9] [10] .
Inspired by our experience in the field of catalysis [11] [12] [13] and in the preparation of conducting polymers by innovative eco-friendly approaches, [14] [15] [16] we recently reported a new method to produce electrical and magnetic polyaniline nanocomposites, (PANI)/Fe 3 O 4 and PANI/CoFe 2 O 4 , where the magnetic nanoparticles played the dual role of catalysts and magnetic fillers [17, 18] .
In order to extend this study to PANI nanocomposites with different nanoferrites, we investigated the catalytic properties of nanosized MFe 2 O 4 , where M was Mn, Ni, Cu, Zn, and Mg, in the N- (4-aminophenyl) aniline oxidative polymerization to obtain electrical and magnetic PANI/MFe 2 O 4 nanocomposites.
EXPERIMENTAL
All chemicals were purchased by Sigma Aldrich and used as received without further purification. FT-IR spectra (500-4000 cm -1 ) were recorded by a JASCO FT/IR-410 spectrophotometer. The NPs morphology study was performed by transmission electron microscopy (TEM) using a Zeiss LIBRA-200FE microscope; the specimen were preparing by drop casting a dispersion of NPs or nanocomposite suspension in acetonitrile on a 5 nm carbon-film copper grid. TEM images were processed by means of a Imaging Platform software (Olympus). The metal content of all materials was determined by atomic absorption analysis on a AAnalyst3100 PerkinElmer spectrophotometer after sample mineralization in aqua regia. A Quantum Design MPMS XL-5 SQUID magnetometer was used to measure the magnetization isotherm of the nanoferrite samples between +50 and -50 kOe at 5 K. All the data were corrected for sample holder diamagnetic contribution. The dia-, para and superpara-magnetic contributions of the nanoferrite to the magnetization isotherm were identified by the method proposed by Fabian [19] .
Powder X-ray diffraction (XRD) patterns were recorded using a Rigaku D IIIMAX horizontal-scan powder diffractometer with Cu Kα radiation.
For conductivity measurements, 200 mg of finely powdered samples were pressed between 13 mm anvils with force 10 ton for 30 min. Each pellet was subjected to 2 kg weight. After 30 min, the resistance R was measured by an AMEL338 multimeter and conductivity σ was obtained by the following equation:
where ℓ is the thickness of the disk and A is the area of the disk base.
MFe 2 O 4 NANOPARTICLES (NPs) PREPARATION
All MFe 2 O 4 NPs were prepared according to a method reported in the literature [20] The mixture was stirred at room temperature for 24 h. Finally, the reaction was stopped by the addition of acetone. After 20 min a dark solid was recovered by filtration, washed several times with deionized water and acetone until the mother liquor resulted to be colorless and finally dried in an oven (80°C) for 6 h.
SYNTHESIS OF PANI/NPs COMPOSITES
The reaction was repeated in the absence of MNPs and, as reported in our previous work [16] , a green solid material was obtained with 36% yield.
RESULTS AND DISCUSSION

Characterization of MFe 2 O 4 Nanoparticles
All MFe 2 O 4 NPs were characterized by XRP diffraction and the results are reported in Figure 2 .
These diffractograms show that all NPs have the cubic ferrite (spinel) structure [21] [22] [23] [24] NPs were obtained with similar mean diameters and Fe/M atomic ratios in good agreement with the stoichiometric value (Fe/M = 2).
TEM images of NPs show that all the samples are morphologically polydispersed and their spinel structure is confirmed by electron diffraction (ED) patterns (Figure 3) . 
Catalytic Polymerization
Polyaniline can be produced following many different methods including chemical, electrochemical and enzymatic approaches [25] . Aniline polymerization by means of oxidants in stoichiometric amount is the oldest and still the most used procedure, although it involves serious drawbacks: toxic oxidants use, plenty of inorganic co-products and carcinogenic intermediates production (e.g., benzidine).
It was observed that the necessity to employ strong oxidizing agents in large amount is related to thermodynamic limitations [26, 27] , consisting in the oxidation of aniline monomer to form dimeric species representing the most energy-demanding step of polymerization.
As we recently demonstrated, when N-(4-aminophenyl)aniline (aniline dimer, AD), a commercially available material, [28] is used as the starting reagent, hard oxidants can be replaced by greener ones (molecular oxygen or hydrogen peroxide) in the oxidative polymerization reaction with the aid of proper catalysts [16] [17] [18] . On this regard, MFe 2 O 4 -prepared as described in section Experimental-were employed both as the catalysts and (magnetic) fillers for the preparation of PANI/MFe 2 O 4 nanocomposites. Yield % = [Σ (mass of insoluble product) /Σ (mass reagents) ] x100
(1)
As featured in our previous work [16] , in the absence of any catalyst N-(4-aminophenyl)aniline oxidative polymerization proceeded leading to polyaniline with 36% yield. Therefore, this value should be subtracted from the results reported in Figure 4 to evaluate the real catalytic activity of the NPs. When compared to the achievements observed using Fe 3 an irregular behaviour was registered. Accordingly, on the left side of Figure 4 [18] .
PANI/NPs Composites Characterization
RegardingPANI/NPs composites, FT-IR analyses revealed the polymeric matrix (polyaniline) to be in its conducting emeraldine form, as shown by the similar intensity of the two bands at 1498 cm -1 and 1484 cm -1 assigned to the C=C stretching vibration modes of the quinoid and benzenoid groups, respectively, and by the strong electronic-like band at around 1144 cm -1 ( Figure   5 ) [33] .
Concerning XRPD patterns of PANI/NPs composite, it was possible to distinguish the broad peak at around 25°, assigned to amorphous polyaniline, as well as the presence of all the spinel diffraction peaks of nanoferrites discussed above (Figure 6) . Moreover, the diffraction peaks of impurities observed in the diffractograms of CuFe 2 O 4 and MgFe 2 O 4 NPs ( Figure  2) were not evident in the XRPD patterns of composites, showing that the impurities were not embedded in the composites and, therefore, did not impact the composite properties. As reported in Table  3 , it is evident that the mean diameter of the nanocrystals (as opposed to NPs), embedded in the composite, are close to those of pristine ferrites. Thus, (Figure 2) probably consist of M-containing oxides (or other species) which might dissolve in the reaction mixture during the polymerization reaction. Figure 7 . In addition to conventional bright-field images, we also recorded images formed by collecting electrons which underwent a 30 eV energy loss by interaction with the specimen. These energy-filtered images have higher contrast between the bright organic matrix and the dark inorganic NPs. The TEM images show that the NPs are well dispersed in the polymeric matrix and their morphology did not significantly changed. Electron diffraction patterns (not reported), confirmed that the NPs embedded in PANI matrix maintained the cubic ferrite structure.
The T = 5 K isothermal magnetization curves of PANI/MFe 2 O 4 (M = Mn, Ni) composites, obtained using a MFe 2 O 4 /AD molar ratio of 0.20, are reported in Figure  8 and the main magnetic parameters are collected in Table 4 . The coercivity H c is sizeable for cubic ferrites, making these composites intermediate between magnetically soft PANI/Fe 3 O 4 (H c ≈ 0.1 kOe) [17] and hard PANI/CoFe 2 O 4 (H c ≈ 10 kOe) [18] . The microcoercivity, i. e. the coercivity of individual NPs, is better represented by the remanence coercivity H cr , which can be estimated by the ΔM method [34] . The H cr data confirm the intermediate magnetic nature of these composites and a considerable contribution of reversible mechanisms to magnetization inversion at low (< 1 kOe) fields. [35] is not unexpected in ferrite nanoparticles and usually attributed to surface effects [36] . For PANI/NiFe 2 O 4 , M sat was instead found to be larger than the bulk value 56 emu/g [35] . This could be related to the Fe/Ni ratio ( [19] based on the analysis of the approach to saturation. At high-field, the magnetization M is modeled as:
where χ represents all dia-and para-magnetic contributions and the last term represents the approach to saturation. The β parameter is −2 for homogeneous magnetization rotation and -1 for superparamagnetic ensembles. By fitting the last expression to the highfield data, we obtained the best-fit parameters collected in Table 5 . The β values indicate that both ferrimagnetic (blocked) and superparamagnetic NPs contribute to the approach to saturation and the corrected M sat value of PANI/NiFe 2 O 4 is closer to the bulk value. 
